In order to deal with power quality problems under distortional and unbalanced load conditions, this paper presents a new control method for a four-wire three-phase unified power quality conditioner (UPQC) which is based on instantaneous power p-q theory. The proposed control approach is based on instantaneous power and is optimized by using a self-tuning filter (STF), without using any low-pass filters (LPFs) or phase locked loop (PLL), and without measuring load or filter currents. In this approach, the load and source voltages are used to generate the reference voltages of a series active power filter (APF) and source currents are used to generate the reference currents of a shunt APF. Therefore, the number of times that current is measured is reduced and system performance is improved. The performance of the proposed control approach is evaluated in terms of power factor correction, source neutral current mitigation, load balancing and mitigation of the current and voltage harmonics of distortional and unbalanced loads in a three-phase four-wire system. The results obtained by MATLAB/SIMULINK software show the effectiveness of the proposed control technique in comparison to the conventional p-q method.
INTRODUCTION
The main power quality problems in three-phase fourwire systems include current harmonics, load unbalance, excessive null current, voltage harmonics, voltage sag, and voltage swell. Poor power quality results in a low power factor, low efficiency, and overheating of transformers and so on [1] . Furthermore, in distribution systems, the total load of system is rarely balanced, and this unbalance increases the null current in three-phase four-wire systems. Since the current components of fundamental frequency and the components of higher frequencies exist in null current, they cause overheating when they flow in null wire [2] . By using more complicated and more advanced software and hardware in control systems, power quality has become one of the most important subjects for engineers of power electronics. So, to deal with power quality problem, many standards such as the IEEE519 standard have been presented by various standard organizations. Ideally, the current and voltage waveforms are in phase, power factor is equal to unity, and the consumed reactive power is equal to zero. Under such conditions, active power could be transmitted with maximum efficiency [3] . Passive filters were used in the past to deal with power quality problems. However, their limitations such as fixed compensation, possibility of resonating with source impedance, and problems of tuning passive filter parameters made the researchers to focus on active filters and hybrid filters [4] [5] [6] .
The UPQC is one of the best solutions for solving voltage and current problems simultaneously [6, 7] . It was introduced for the first time by Fujita and Akagi in 1998 [7] . The structure of UPQC is similar to that of unified power flow controller (UPFC). The UPFC is used in transmission systems and its main goal is to control power flow in the fundamental frequency [8] . Whereas, UPQC is used in distribution systems to perform the functions of series and shunt APFs simultaneously. On the other hand, a distribution network may have DC components or harmonics and may be unbalanced. Therefore, the UPQC must carry out parallel and series compensation under such conditions [9] . The shunt and series APFs of UPQC are linked by a DC link. In UPQC, in contrast with UPFC, the series APF is connected to the source side and the shunt APF is connected to the load side. The shunt APF is used to compensate current distortions and to supply load reactive power [7] . Thus, the shunt APF of UPQC functions as a current source which injects the compensation current into the network. The series APF is used to compensate voltage fluctuations so, it is able to function as a voltage source which injects the compensation voltage into the network by a series transformer.
In the past few years, several control strategies have been presented in literature for determining the voltage and current reference signals. Some of the most common strategies include the p-q-r theory [10] , improved singlephase instantaneous power theory [11] , synchronous reference frame (SRF) theory [12] , symmetric component transformation [13] , Icosϕ theory [14, 15] , and some other innovative control methods [16, 17] . In [18] , the onecycle control approach (without calculating the reference) is used for controlling a three-phase four-wire UPQC. Among these control methods, the most important and the most common control methods are the p-q and SRF theories and so far some researches have been carried out to modify these two control approaches [19] [20] [21] . Although, these two strategies are based on balanced three-phase systems, they can be used for single phase systems too [22, 23] . In Some researches, these two control methods are combined to achieve a better performance for UPQC [24, 25] . In most of these methods, a low pass filter (LPF) or a high pass filter (HPF) is used for separating the harmonic components from fundamental component.
In this paper, the proposed control approach which is based on instantaneous power p-q theory is optimized by Fig. 1 . The basic structure of unified power quality conditioner (UPQC) [25] .
using an STF, without using any LPFs or any phase locked loops (PLLs). The performance of the proposed system is tested by using MATLAB/SIMULINK software in cases such as power factor correction, source neutral current mitigation, load balancing, and reducing current and voltage harmonics of distortional and unbalanced loads in a threephase four-wire system. Simulation results show the competence and effectiveness of the proposed control method in comparison to the conventional p-q method.
UPQC
Because of its capability in removing harmonics and in simultaneously compensating the voltage and current, the UPQC improves the power quality. Almost all papers about UPQC show that it could be used for solving all the power quality problems [26] [27] [28] [29] [30] . Fig. 1 shows the basic structure of a UPQC which consists of a shunt and a series APF. The shunt APF is used for absorbing current harmonics, compensating reactive power and regulating dclink voltage. The main purpose of using the series APF is to remove harmonics of the source voltage. Furthermore, the series APF is capable of compensating voltage unbalance and harmonics at the point of common coupling in consumer side [28] .
THE PROPOSED METHOD BASED ON P-Q THEORY
The p-q theory is based on a set of instantaneous powers defined in time domain. In this theory, there is no limitation in voltage or current waveforms and it could be used for general waveforms of three-phase voltages and currents in a three-phase systems with or without neutral wire. The p-q theory could be used for compensating the existing harmonics in source voltages or load current [31] . To compensate the current harmonics, first, distortional currents are transformed to the Clarke's reference frame. Then, by calculating instantaneous powers and letting them flow in an LPF, the harmonic and fundamental components are separated and reference currents are generated for hysteresis band controller. Conventional control systems usually include three main parts: shunt APF control, PLL and series APF control [19] [20] [21] [22] [23] . In conventional control systems, a PLL separates the positive sequence component from the unbalanced and distortional voltage of the source. In the proposed method, a STF is used to separate the positive sequence voltage from harmonic voltage of the source. Also, instead of using LPFs and HPFs, the STF is used for separating the fundamental component of current. So, the proposed approach has three major parts: a STF, a shunt APF and a series APF.
STF
Hong-Sock has studied integral in the synchronous reference frame and has shown that:
Where, U xy and V xy are instantaneous signals respectively before and after the integration in the synchronous reference frame [32] . By applying the Laplace transform on (1), the equation of the transfer function H(s) is expressed as:
In order to obtain a self-tuning filter (STF) with a cut off frequency from the transfer function H(s), a constant parameter k is introduced [33] . Thus, By using this parameter , H(s) can be written as follows:
By adding a constant parameter k to H(s), the amplitude of the transfer function is limited and is equal to the amplitude of frequency component (ω n ). In addition, the phase delay is zero for the cut off frequency. By replacing the input signals U xy (s) by x αβ (s) and the output signals V xy (s) byx αβ (s), the following expressions can be obtained: Where, ω n is the desired output frequency, and k is the filter gain. The higher the value of k, the higher the accuracy of extracting the desirable component is. Also, when the value of k decreases, the transient duration increases. x αβ (s), andx αβ (s) may also be either voltage or current signals before and after filtering respectively. So, by using a STF, voltage and current distortional signals can be obtained without changing the amplitude and phase delay. According to (4) and (5), the block diagram of an STF is shown in Fig. 2 [33] . Fig. 3 shows the frequency response of the STF versus different values of the parameter k for f c = 50Hz. At 50Hz, the phase angle of bode diagram is null, which means that the two input and output signals are in phase either k. Also the phase shift for the other frequencies is shown. On the other hand, it is observed from Fig. 3 that |H(s)| = 0dB at f c = 50Hz. The rate of amplitude changes for the other frequencies is shown in Fig. 3 [33] .
Reference voltage signal generation of the series APF
The proposed control method which is based on p-q theory has been used for solving all the problems related to the power quality including source voltage harmonics, unbalanced voltages, voltage sag and swell. In the proposed approach, by using (6), first the measured voltages of source are transferred to the α−β−o coordinates. Under the harmonic voltages condition, instantaneous voltages of source (v Sα and v Sβ ) contain two components; harmonic and mean component, the latter contains the positive sequence. As it was stated in (7) and (8), the source voltages in α−β −o coordinates contains harmonic and mean components and the fundamental component of these voltages are separated from harmonic components by the STF.
v Sβ =v Sβ +ṽ Sβ (8) when the voltages of the three phases are unbalanced, it will be met in αβ axis. Therefore the v Sα and v Sβ components will not have equal amplitudes in α − β − ocoordinates. On the other hand, despite of extreme unbalance between two input signals, the STF, will create always two equal magnitude sine-waves according to following equation:
Therefore, to generate the reference voltages, first v Sα (s) andv Sβ (s)with unity amplitudes are obtained. Then the reference voltages in abc coordinates are calculated by (6) , where G is the desired maximum phase voltage value.
The three phase load reference voltages (v * Labc ) are compared to the distortional voltages of load side (v Labc ) and the errors are processed by the PWM controller to produce required signals for IGBT switches of the series APF.
The voltage sag or swell compensation may include absorbing/injecting real power from/to supply line. Therefore, real powers of series and shunt APFs must be balanced. In order to make the dc-link voltage fixed, the absorbed and injected real powers by series and shunt APFs must be equal to injected and absorbed powers by shunt APF respectively [34] . The series APF control is shown in Fig. 4 .
Reference voltage signal generation of the shunt APF
The shunt APF is used for compensating harmonics, load unbalance and reactive power generated by nonlinear load. The p-q theory is used to control the shunt APF. In this theory, voltages and currents are transferred to α−β−o coordinates by (6) and (11) .
The currents transferred to the Clark's system enter the STF which is set to fundamental frequency. The STF output will be the fundamental current component (î Sα and i Sβ ) which will contain the fundamental component of active and reactive powers. To fully compensate the reactive power, the fundamental component of reactive power obtained from (12) must be subtracted as a current component, from current fundamental components (î Sα andî Sβ ).
Considering the switching loss (P Loss , voltage fluctuation would be a good index that these fluctuations could be converted into a current by using a proportional-integral (PI) controller. This current must be injected into main axis. Hence For DC voltage regulation, voltage of DC link is compared with reference voltage (V * DC ), and then is injected to into main axis by PI and it doesn't need any external supply.
On the other hand, when the load is unbalanced, there will be current in neutral wire. The total power of zero sequence component will be obtained from (13) . To decrease the neutral current, the total zero sequence power must be supplied by shunt APF and this index must also be injected into main axis. As it is stated in (14) , if is needed to fully compensate both the zero sequence component and reactive power, i Sα and i Sβ are the reference injected currents which must be injected into α − β axes. As it is stated in (15) and (16), by injecting these currents into α − β axes, the reference currents i * Sα and i * Sβ for shunt APF are obtained. Then the reference currents in abc coordinates are calculated by (17) .q =î SβvSα −î SαvSβ (12) Fig. 4 . The block diagram of proposed control method for UPQC.
The reference currents, i * Sa , i * Sb and i * Sc are calculated in order to compensate neutral currents, reactive and harmonic currents in the load. These reference source currents are compared to measured currents of the source and errors resulted from this comparison are received by a hysteresis band controller to produce required switching signals of shunt APF.
SIMULATION RESULTS
In this study, the proposed control method for UPQC which is based on p-q theory and is used for compensating distortional and unbalanced load currents under the conditions of distortional and unbalanced source voltages is evaluated by MATLAB software. The load used in simulations is a combination of a three-phase rectifier load and a single-phase rectifier load. The single-phase rectifier load is used to create load unbalance in phase 'a'. Also, the source voltage contains odd harmonics up to the order of 17. Furthermore, the third harmonic and its multiples are not considered in simulations. Because the third harmonic and its multiples will be compensated by the connections of transformers and often there is no need to compensate them by the series APF. Passive filters with R and C are used to remove the switching ripples in voltage and current waveforms. The values of simulated parameters are given in Table 1 .
The performance of UPQC in load balancing, correcting power factor and compensating current and voltage harmonics
The UPQC responses in load balancing, correcting power factor and compensating current and voltage harmonics are shown in Fig. 5 . Fig. 5 (a) shows the harmonic voltages before compensation. It could be seen from Fig. 5 (c) that by injecting compensating voltage into system, the series APF removes source voltage harmonics and generates sinusoidal voltages for the load. Voltages injected by the series APF are shown in Fig. 5 (b) . As voltage harmonics is removed by the series APF, load voltage THD decreases from 11.16% to 1.52%. Voltage harmonics spectrums before and after compensation are shown in Fig. 6 (a) and Fig. 6 (b) respectively. On the other hand, Fig. 5  (d) shows the load harmonic and unbalanced current before compensation. It could be seen from Fig. 5 (f) that by injecting compensating currents into system, the shunt APF makes the source current sinusoidal and balanced and decreases source current THD from 28.72% to 2.37%. The currents injected by shunt APF into the network are shown in Fig. 5 (e) . Also the current harmonic spectrum of phase 'a' of the source before and after compensation, are shown in Fig. 6 (c) and Fig. 6 (d) respectively. It could be seen from Fig. 5 (g ) that the current through neutral wire before compensation is equal to 26.6 A. When the neutral compensating current is injected by the shunt APF, the neutral current of source decreases to zero. The neutral compensating current injected by shunt APF and source neutral current are shown in Fig. 5 (h) and Fig. 5 (i) respectively. As UPQC enters the circuit, the whole reactive power of load is supplied by shunt APF and voltages and currents of source become in phase and the load just derives reactive power from source. Fig. 5 (k) shows the reactive power derived from the source which has an amplitude equal to zero.
Performance of UPQC During a Sudden Increase of Load
In this section, to investigate the dynamic response of UPQC and to see how it enters the circuit, first it is assumed that UPQC is not in the circuit. As it could be seen from Fig. 7 (a) and Fig. 7 (c) , source contains distorted unbalanced voltages and load derives unbalanced harmonic currents from the source. At t=0.1s, the UPQC enters the circuit and shunt and series APFs start the compensation. Fig. 7 (b) shows that when UPQC enters the circuit, series APF immediately inject compensating voltages into the network and make the load voltage sinusoidal. Also, Fig. 7 (d) shows the currents generated by shunt APF which make the currents derived from the network balanced and sinusoidal. The performance of UPQC in compensating the neutral source current and load reactive power is shown in Fig. 7 (f) and Fig. 7 (h) , respectively.
In order to show the UPQC performance during a sudden change in the load, when system is operating, the load is suddenly increased at t=0.2s. As it is shown in Fig. 7 , besides compensating load unbalance, supplying reactive power and compensating harmonics, the UPQC controller gets a new static state after the load change. Furthermore, Fig. 7 (i) shows that a slight change in dc-link voltage occurs at the moment that the load change (0.2s) which is immediately controlled by the dc-link voltage controller and the dc-link voltage returns to its previous value.
COMPARISON TO THE CONVENTIONAL APPROACHES
Conventional techniques published so far in the literature have more computational burden and also most of them use PLL which makes these techniques more complicated. The proposed method is a simple approach for effectively current and voltage harmonics compensation, reactive power and load balancing. other advantages of this approach is the reduction of number of current and voltage measurements for controlling the shunt and series APFs. In the proposed method, to control the shunt APF we just need to measure the source current whereas in conventional techniques it is necessary to measure the currents of load, source and shunt APF. In the proposed control method it is not necessary to measure neither the current of shunt APFs or voltages of series APFs which have fast variations and cause computational delay. In order to compare the proposed approach with conventional p-q method, the results obtained from both these techniques are compared in Table 2 . The simulation results obtained by using conventional p-q method are shown in Fig. 8 . Fig.  8 (a) shows the source harmonic voltages before compensation. It could be seen from Fig. 8 (c) that by injecting compensating voltages into system, the series APFcreates sinusoidal load voltages and decreases the load voltage THD from 11.16% to 2.23% whereas in proposed control method, the load voltage THD is decreased from 11.16% to 1.52 %. The voltages injected by the series APF are shown in Fig. 8 (b) . On the other hand, Fig. 8 (f) shows that, by injecting compensating currents into network, the shunt APF compensates load unbalance and load current harmonics and decreases the source current THD from 28.72 % to 3.04 % whereas in proposed control method source current THD is decreased from 28.72 % to 2.37 %.
The unbalanced distorted load currents and shunt APF injected currents are shown in Fig. 8 (d) and Fig. 8 (e) respectively. The source neutral current is decreased to zero by the shunt APF as shown in Fig. 8 (i) . It could be seen from Fig. 8 (k) that reactive power is fully compensated by shunt APF. Simulation results show that the proposed control technique outperforms the conventional p-q control method. 
CONCLUSION
In this paper, the performance of the proposed control method for a three-phase four wire UPQC was investigated. Simulation results show the capability of proposed control approach in dealing with the power quality problems such as load balancing, load reactive power compensation, and current and voltage harmonics compensation under voltage unbalance conditions. In the proposed control method, to control the shunt APF we just need to measure source current while in conventional methods currents of load, source and shunt APF must be measured. Therefore, the number of current measurements is decreased in proposed approach. Simulation results show that under conditions of unbalanced and nonlinear load current, this method not only decreases the effects of unbalance distorted load in the power system, but also improves the power factor. Meanwhile, whenever the source voltages are distortional and unbalanced, the series APF provides sinusoidal voltages for loads. Also, in this research it is shown that the UPQC simultaneously compensates voltage and current problems and it has the best compensation features even during the emergence of unbalanced components in the three-phase four-wire electrical systems. Simulation results reveal that the proposed control technique with STF has better compensation performance than conventional p-q control theory.
